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edge−conn. n = 20  
vertex−conn. n = 20
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forward, beta = 2 
turn,     beta = 2
back,    beta = 2 
forward, beta = 5 
turn,     beta = 5
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forward, beta = 2 
turn,     beta = 2
back,    beta = 2 
forward, beta = 5 
turn,     beta = 5
back,    beta = 5 
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forward, real robots 
turn,     real robots
back,    real robots 
forward, simulations 
turn,     simulations
back,    simulations 
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forward, real robots 
turn,     real robots
back,    real robots 
forward, simulations 
turn,     simulations
back,    simulations 
{
H^nWLNVID " ! 3 
 





























`oV f F A>ThAID A
CUT A&FICE`
*DGQM[DAPA

























































 `oV " r`WLNY^Q3M+DjM[DGRED]UwHXTWYAI`ﬁAICNDsFrTWVIO9w`oCNDVIDGREwGD
6 6ﬁﬀ





















turn   
back   
{
H^nWLNVID " ! 38
 
`xQN`oOﬁDAIVPf KHJAICQNH  DVIDRcAKwGTWQNDRNwGD;eWThY^LNDF













































































@ R DESEYXTWRUT A
H^`WRZ\`oVmA
CNHJF ehTWVPHXTWMEY^DKY^H WDGYJH^CN`x`xQ`WZ Y^`WFIFrHJF*wVILNwHXTWYUAI`ﬃLNRNQEDGVIF A>TWREQNH^RNnA
















































H^nWLNVID " ! <9
 





















CNDY^H WDGYJH^CN`x`xQ`WZzY^`WFIF Z\`WV DGTWw>C  eWThY^LND;H^FSNY^`hAIA




















































CNHJR AICNDDS[DGVIHJODR_A>TWY*VI`oM[`WA6S[`oSNLEYXThAIH^`oR21z`WRNDLNFIHJRNn "<:68 SNVI`xwGDFIFI`WV6A
DGw>CERN`oY^`WnWf ThRNQ A
CND












































C = 50  
C = 100 
C = 150 
C = 200 
{
H^nWLNVID " ! 3:
 
SNVI`oS[`oV A
H^`WR`WZuYJ`oFIF&Z\`oVaDGTWw>C3VI`oM[`WA KHJAICQNH +DGVPDGR_A eWThY^LNDF
{








































































































































































































































































































































































































































































































































































































FPDGRNFP`oVIF CNT eWDeWDGVPf ehTWVIH^TWMNYJDV













AI` TWFPFIDGV A KH|A
C wGDGV A>TWHJR_Agf A
CUThAﬁA
CEDFPDGRNFP`oVIF CNT eWDGR&ﬂ A w>CNTWRNnoDQ#SNYXT AIZ\`oVPO M+D$ArDDGR AICND?DS+DVIH^OﬁDGR_AIF TWREQ
KCNDRkA









9jSNVIDFIDGR_AIDGQ FPDGRNFP`oVIF KHJAICOﬁH^FPSNYXTWwDGQVPDGwGDHJeWDGVIF wG`WOSUThVIDGQA
`jAICNDKVIDGF Ar`hZ+AICNDKFrTWVIO3p KCNH^w>CﬁO TWDGFmA
CEDGO










CED DS[DGVIHJODR_A>TWY r`WV TWRNQkAICND QNHJFIwG` eWDGVPf `WZaAICND VP`oY^DSNYXTfoDQ M_fkCEDA
DVI`onoDRNDGH|A





























































     
   1































ArHJFz`WZw`oLNVIFPD `hZ SNVPH^OTWVPfﬃH^OﬁS+`WVPA>ThRNwGDrZ\`WV FPDGRNFP`oV RNDA*`oVcF A
`;M+DTWMNYJD&A
















HJnoLNVID " #" ﬂ FICN`KFzA
CNThAzQNH  DVIH^REn 3ehTWYJLNDGF2H^RNQNDDGQCUTeWD ThRH^R 7ULEDGRNwDa`oRA
CND&F &ThVIO w` eWDGVITWnoD
{









H^noLEVID " #"< kFPCN`KFA
CND TWVPDT w` eWDGVPDGQ Mcf#T FrTWVIO `WZ "
ﬀ












































































































































   .ﬂ .-   *ﬂ








ThQNH^LNF`WZﬃThA3Y^DGTWFPA`WRND VP`oM[`WA  i D:OﬁDThFILNVPD AICNH^F3TWVPDT LNFIHJRNn TWR ThSNSNVI` H^OThAIH^`oR#M_f
6 6ﬁ2
MNHJFIDwA


















































HJ`oRNF " ! 
6







 '& . *	- .ﬃ( *	 





F &TWVPO FIH -DGFphA
CEH^FnoHJeWDGFA





























Y|f M_f AICNDsTeo`oHJQUTWRNwDvM+DCUTexH^`oLNVKThRNQFIDwG`oRNQEYJf M_fA
CNDjFPH -GDj`hZ






































CNHJF SNVP` eWDGFvAICUThA AICND6ThOSNYJHJAILNQNDs`WZzA







CND KCN`oY^DFrTWVIOTWVIDGT H^F MNH^nonWDGV KH|A




VPH^MNLEAIH^`oR Z\`WV6H^RNwVIDGTWFIHJRNn FrTWVIO FPH -DGFH^F6QELNDA

















































HJnoLNVID " !" 7
 
TWVIDGTﬁw` eoDGVPDGQ?TWn_TWHJRNFPA kTWRNQ3FrTWVIO9FPH -D































RN`WVIOTWY^HJFIDGQThVIDTTWnoTWH^RNF A  TWREQF &TWVPO9FIH -GD
>
` rD H^R_eWDGFPAIH^n_T A
DmA
CNDmH^R 7ULNDGREwGDr`hZNRN`oHJFIDm`oRTWVIDGT w` eWDGVITWnoD&ThRNQ;AICND VIDGFPLNYJAIF<wGTWRﬃM[DmFIDDGR6HJR;]UnWLNVID-" #" 9 
@ n_TWH^RsA














` T QNVP`oS H^R3A
CNDﬃwG`oRNREDGwAIHJexHJAgfTWREQ












































beta = 2 
beta = 5 
{








CNDFISEVIDThQ `WZ AICNDFrTWVIOTWn_ThH^RNF ArThR H^REwGVIDGTWFIDH^RA
CED wThQNDGRNwD `WZ FIDRNQNH^REn6ODFIFITWnoDGF H^F FPAILNQNHJDGQﬀ






HJexH|Agf 8 FPDGDs]UnoLNVPD "  ﬂ6 pNSUTWnoD
6/ﬀ6
:


























beta = 2 









     ﬃ ﬃ . 	  +  

CNDjVPDGFPLNYJAIFa`WZ'VIDThY VI`WM+`WArDS[DGVIHJODR_A























H|A>ThAIHJeoD@ RkHJRNwGVPDTWFPDH^R:FrTWVIO FPH -GDFPCN`KF6TQNDGwVIDThFIH^REn
wLNVPeWDﬃZ\`oVaA
CNDRN`oVPO TWYJH^FPDGQ3TWVIDGTEp~FIHJOHJYXTWV A






HJ`oR " !" ﬃﬂ 

























TWOﬁDAIDGV 7H^FmehTWVIHJDGQTQNDwGVIDGTWFID H^RAICNDRN`oVIOTWYJH^FIDQ ThVIDT;wG` eoDV




































ﬃ (     ﬃ
}rCUThSEA











H^noLNVPDGF " ﬃ76 A
` "  739
6
ﬂ6 





















simulations            
{






















































































































































CNDThVIDT 8 KHJAIC A
CNDFPO TWYJY
`oLA































































































upper bound    










CNDDETWOﬁSNY^D SNVIDFIDGR_AIDGQ H^Rk]UnWLNVID "  768FICN`KFA
CUT ATWYJAICN`oLNnWCkM[DGH^REn?Z TWVTWM[` eoDThRNQ LNRNQNDV6A
CND TWVIDGT
















CEDaY^`rDVuM[`oLNRNQﬀ2@ FzRN`oR gFPAIVIHJwAzM[`oLNRNQEFuAgfSEH^wThY^YJfTWVPDaQNH "ﬁwLNYJA<A
`sRUTWVPVI` 8 LNFPLUTWY^Y|fﬃYJ``WFIH^REnvM+`WLNRNQ 
HJRNn TWMEH^Y^H|Agf :$pA
CNHJF;Z\DGThA


























































































CQNH  DVIHJRNn  ehTWYJLNDGF
{




CND QNHJVIDwAHJR 7ULNDRNwGD `hZ
RN`WH^FIDs`oRAICNDswG`oRNREDGwAIH^`oREF QN`xDGFKRN`hAKFIDGDO9A



















CNDFrTWVIOTWRNQkwTWR M+D`WZaLNFPD H^R:QNH  DVIDGR_AﬃwG`oR_A
DxA









`oVPF SNVP`oS[`oFIDQ:QEH^Q RN`hAjO TWDTWR_f LEFID`WZmRNDH^noCcM[`oLNVvHJREZ\`oVPO ThAIH^`oR p
6
ﬂ39


































upper bound    









































w` eWDGVITWnoD Z\VP`oO A

































    























`ﬃHJREZ\DGV TseoDGV f wVILNQEDvTWSNSEVI` H^OThA
HJ`oR`WZA
CED VIDYXThAIHJeWDS[`oFPHJA






















OTWDFjLNFID`WZ*T FPSNVIDGTWQ `hZ*HJREZ\`oVPO ThAIH^`oRA








































































































CNDFrTWVIO  4 ZzwG`oLEVIFIDA

















































































   ﬃ /ﬂﬀ " $ %  ﬃ
 
ﬃ /ﬂ ﬂ %/ﬂ

ﬃ % "ﬁ%  ﬃ
















  "	 ﬃ  /ﬂ
   
ﬃ /ﬂ ﬂ %/ﬂ

ﬃ % " %  ﬃ











    ﬃ
 





























`WZ FrTWVIO FIH -D3TWRNQ  ehTWY^LED









CND wGDRcAIDGV*`WZ OTWFIF `WZ PHJRNFIHJQNDGVPF ﬁ;VI`oM[`WAIF!8\FILNV Z TWwGD M+DY^` :$p P`oLA
FIHJQNDGV ﬁﬃVP`oM+`hA
F 8 FILEVPZ TWwD TWM[` eoD :



































































































CEDF &TWVPOﬂH^FGp~HJR  CNDTWY|A
C_f"ﬁ F &TWVPOFp~YXTWVPnoDGV
AICUTWRﬁThAuAICNDaY^`xwTWYxwG`WRNRNDGw$A








































































































































































































































fxSNHJwTWYJYJf?AICNDﬁRxLEO6M+DVs`WZ&YJ`wGTWYuOﬁH^RNHJO T ThRNQ OTﬁH^OT H^REwGVIDGTWFIDFﬃThFsAICNDﬁFrTWVIO
DESNTWRNQNFA
CUThR cFAI`7HJAIFY^`  A




DQ `oLEAIFIHJQND `WVrH^REFIH^QEDAICND F &ThVIOH^F Y^`rDVIDQﬀ

RNwGVPDTWFPH^RNnA













































































































































































AICND6VI`WM+`WA ﬂ F RNDGHJnoCcM+`WLNVIFp A
























F i CNDR A*`:VI`oM[`WA
FDw>CUTWRNnoDAICNDGHJVY^H^F ApzH|AH^F
`WZwVIHJAIH^wGTWY*HJOS[`oV A>TWRNwDﬁAICUThA6AICNDf TWnoVPDGD`oR DGTWw>C `WA
CNDVIFﬂ





















































HJR AICNDYXTWF AsODFIFITWnoD 8 Oﬁ`QELNY^`FP`oODYJH^OﬁHJAIH^RNnﬁeWThY^LND :$pA
CEVI`oLNnWC:AICNDCcfxS[`WA
CEDGFIHJF;AICUThAjAICNDRNDGHJnoCcM+`oLEVICN`x`Q








































CEDH^OﬁODQNHXThAIDREDGH^nWCxM[`oLNVPCN`x`Qﬀ   Y^`oMNTWY<w`oRNRNDwAIHJexHJAgf?wG`oOﬁDGFv`WRNYJf?TWFsT FIHJQND6D  DwAp
TWY|A
CN`WLNnoC3TWRDxA














































	 . 	 3 *. 
	K'G.
LEOOﬁH^RNn LNSﬃAICND&VIDFILNY|A























AICNDsFIOTWY^YJDGFPAaTWVIDGT KHJY^Y F A





























  	  	IE  . E. 

















































 E 	  ﬁ    . ).

ﬁ 	IE 	ICBC. /







R?Z ThwA AICND  AICNVIDFICN`oYJQ wThR M+DVIDn_TWVIQEDGQ7TWF T PnoYJLND ﬁSUTWVITWOD$A
DVZ\`oVKA
CED6VI`oM[`WAGp+TCNH^noC




CED VI`oM[`WA KH^Y^Y VIDGTWwAﬃA
`7Oﬁ`oVID
w`oRNRNDwA
HJ`oRNFﬁTWRNQ CNDRNwGD KH^YJYrFPAIH^w  Oﬁ`oVPD A
`7A


























































































CEDwTWFPD`WZ wG`oOﬁO6LNRNHJwThAIH^`oR v@ wwG`oVPQNH^RNn AI` A

































































































































































































































































































































































































































































qTlp+oxxmj>]j>j#7o klvq]s]lvk^z]lpkmo+ox9iuvj}lpjq z]j>x^xlvq]xlpj>x;o >lNz]lv{ klF>i0£z]l3xjqﬁi(oYz]l








































































    Y 

	  























ŁY Dj>xDixxm]{9lvsz]irDz]lKxjqﬁi ¥ or¥#q]oj>xlDkirj>o!jxYzTj>zGlvq]o]zokYi!ko+o
o9s]jxmj>q]Tj>xzM+lv#.lFlvqxmlFq]xmj>q]^z]lC+l0iuvoq[s]j>kmlFuv|iq]s[z]li{KTj>lFqRbj>zR0Ł
y(z]lYkmlFxm]jxiCxirk{ z]irxlvq]xlvx.zTlZ+l0iruFoq^oq]¥*bjzNxo{^l(q]ojxl¥¤oqNz]l(xmj>s]l(zﬁirj>x?qTl0ikmlFxmo

















































lv{9lvklvxNkmo{ z]l[j>qRlvkiuj>oq£oYz]l[j>>]{^j>qﬁi)lFs7iq]s¡q]oq6¥ j>>]{^j>qﬁi)lFs kooxFŁ ' zﬁi)9jx;j>qRkmo6sT]uFlvs
















	+	 ﬁ    !#ﬁ 
Zqj>ﬁq]oﬃ z]lblFqR},j>koq]{9lvqRzﬁirx.+lFlvq!uFoq]xjs]lFkmlFsMixuvo{9T>lvlF;q]lF6kirIŁ:#q9oksTlFkoj}lbz]lZq]lFuvlFxxikm








































































































































































































   ﬁ9 
y(z]l;kmlFxm]x-oz]lJxj>{J]wirj>oq3kTq]xCiklJs]lF]juvlFsOj>qG§]]klvx+(6Ł
,






	 	  ﬁ $
 
 $ 	  ﬀ
 	 
 
 "  ﬁ $ ﬁ  ﬁ  $   ﬁ%$
*:j]kmlﬂ(,Ł
,
xz]oﬃbxDz]l]koklFxmxjoqo1z]lxmikm{ oﬃikms]xYz]llFiuFoq3bjzj>qTuFklFixjq]^xmik{ xj FlvxDiqTs






















































beta = 1 (incomplete)
beta = 2             

























beta = 1           
beta = 2           
beta = 3           
beta = 1  obstacles
beta = 2  obstacles








































































beta = 1 (incomplete)
beta = 2             









































	 	   
 
 



























































beta = 1           
beta = 2           
beta = 3           
beta = 1  obstacles
beta = 2  obstacles





























forward beta = 2 
turn     beta = 2
back     beta = 2
forward beta = 3 
turn     beta = 3














































forward beta = 2 
turn     beta = 2
back     beta = 2
forward beta = 3 
turn     beta = 3

























beta = 2, n = 20





































beta = 2  n = 20




























forward, n = 20 
turn,     n = 20
back,    n = 20 
forward, n = 60 
turn,     n = 60





























§ﬁTkl (6Ł * _
%
Ł



















beta = 2, n = 20









































beta = 2, n = 20






























forward, n = 20 
turn,     n = 20
back,    n = 20 
forward, n = 60 
turn,     n = 60
back,    n = 60 







M     
 




   
   	 
 
























































































          



















fDz]o]z z]l]ko,uFlvxxMj>x9q]o!,Tjlpz]lGxi{^lGix|jq &)( $"AIﬃ"#
























             
 
 
































































































































































B 2, s66q]i{9juFxvY]6[j>s]lFixMiq]s xmo>6j>oq]x|s]jh8]xmlGj>q +oz s]j>kmlFuvj>oqTxFŁy(z]lG.ok
o Zl,q]o>sTx oqz]l
 




















































  	    9 ﬁ   ﬀ 
 Sz]ixCi>kml0is6+lFlvqO{9lvqj>oqTlFsOj>qu&zﬁiTlFkx+.[iqTs (9zﬁirDz]l 0¥#i>okjz]{uvo]>sO+lKuvoq]xjs]lFkmlFs ixSirq
























































       
 
















































































































































































iu&zM}ri]lYix(klvuFokms]lFs[l}lFk ( _ _-_JxmlF]xbirq]sMzﬁix(+lFlvq[iﬃ}lFkilFs[oﬃ}lvk
¨
_J}ri>TlFxi)z]l































































 +		  $ !
 
    ﬁ $
 




























































whole swarm             
group 0, beta = 7       
group 1, beta increasing
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group 1, beta incr.

































whole swarm             
group 0, beta = 7       




































whole swarm             
group 0, beta = 7       
group 1, beta increasing
group 2, beta = 1       
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group 2, beta = 1
group 1, beta incr.










































whole swarm             
group 0, beta = 7       
group 1, beta increasing
group 2, beta = 1       
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group 0 to group 1  
group 0 to group 2  


































































group 0 to group 1  
group 0 to group 2  
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beta = 1, ratio −10
beta = 2, ratio −10
beta = 3, ratio −10
beta = 1, ratio 10 
beta = 2, ratio 10 
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n = 20, ratio = −10
n = 60, ratio = −10
n = 20, ratio = 10 






















n = 20, ratio = −10
n = 60, ratio = −10
n = 20, ratio = 10 
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n = 60, ratio = −10
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forward, ratio = −10 
turn,     ratio = −10
back,     ratio = −10
forward, ratio = 10  
turn,     ratio = 10 
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